ABSTRACT. Relaxin, a member of the insulin superfamily, has diverse functions in both reproductive and nonreproductive tissues. The aim of the present study was to evaluate the effects of recombinant relaxin on the in vitro maturation of porcine oocytes and their subsequent embryonic development following in vitro fertilization. Three concentrations of relaxin (1, 10, and 100 ng/ml) were used in the in vitro maturation (IVM) medium [TCM supplemented with 10% (v/v) porcine follicular fluid, 10 ng/ml of epidermal growth factor, 4 IU/ml of pregnant mare serum gonadotropin, and (only for the first 22 hr) 4 IU/ml of human chorionic gonadotropin]. Relaxin was used during the entire IVM period. Nuclear maturation of oocytes was examined under ultraviolet light following staining with bisbenzimide (Hoechst 33342) for 5 min and mounted on a glass slide. The glutathione (GSH) content in oocytes, an important indicator of cytoplasmic maturity, was measured using a micro-glutathione assay. Cryopreserved boar semen was used for in vitro fertilization. Embryos were cultured in modified NCSU-23 medium supplemented with 0.5 mM pyruvate and 5 mM lactate. Although nuclear maturation of oocytes did not vary, the GSH content in oocytes was significantly higher when cultured with 1 ng/ml (7.9 pmol/oocyte) and 10 ng/ml (8.47 pmol/oocyte) compared to a control group. However, no additional beneficial effect was observed when 100 ng/ml of relaxin was added to the IVM medium. A significantly higher rate of blastocyst formation was observed with 10 ng of relaxin (32.4%) compared to the control (14.4%) or 100 ng of relaxin (21.4%). No difference between 1 ng and 10 ng was observed in terms of the blastocyst production rate. The inner cell mass cell numbers in relaxin-treated groups were significantly higher than control, and trophectoderm cell number was the highest in the 10 ng relaxin group. Relaxin (10 ng/ml) can be supplemented in IVM medium to support the maturation of porcine oocytes. Intensive attempts have been made to establish a reliable in vitro maturation (IVM) system for porcine oocytes. Accordingly, higher oocyte maturation rate is well documented in pigs [19] , and production of both in vitro fertilized (IVF) and somatic cell nuclear transfer (SCNT) offspring using in vitro matured oocytes has also been reported [2, 14] . However, embryos produced by either IVF or SCNT using in vitro-matured oocytes have resulted in a much lower pregnancy rate compared to the in vivo system. Oocyte quality influences the developmental competence of embryos and the establishment and maintenance of pregnancy following embryo transfer to recipients [11] . During IVM, oocytes progressively acquire developmental competence, which involves both cytoplasmic and nuclear maturation. This is a highly coordinated process that includes morphological, ultrastructural, and transcriptional changes in the cytoplasmic and nuclear compartments of the oocyte. However, the media used for IVM and supplements added in the medium are known to affect both maturation and subsequent embryonic development.
Intensive attempts have been made to establish a reliable in vitro maturation (IVM) system for porcine oocytes. Accordingly, higher oocyte maturation rate is well documented in pigs [19] , and production of both in vitro fertilized (IVF) and somatic cell nuclear transfer (SCNT) offspring using in vitro matured oocytes has also been reported [2, 14] . However, embryos produced by either IVF or SCNT using in vitro-matured oocytes have resulted in a much lower pregnancy rate compared to the in vivo system. Oocyte quality influences the developmental competence of embryos and the establishment and maintenance of pregnancy following embryo transfer to recipients [11] . During IVM, oocytes progressively acquire developmental competence, which involves both cytoplasmic and nuclear maturation. This is a highly coordinated process that includes morphological, ultrastructural, and transcriptional changes in the cytoplasmic and nuclear compartments of the oocyte. However, the media used for IVM and supplements added in the medium are known to affect both maturation and subsequent embryonic development.
Relaxin, a member of the insulin superfamily, is a peptide hormone with seven peptides that is produced by both reproductive and nonreproductive tissues. However, production of relaxin is highly related to the menstrual cycle and physical alteration of pregnancy [4, 23] . Although theca cells in ovarian follicles are the main site of relaxin production, granulose cells also produce relaxin as follicular cells differentiate to build the corpus luteum [27] . The role of relaxin in human pregnancy is well documented, and it generally functions on the opening the pubic bone, softening the cervical part and facilitating labor in animals and humans by softening the pubic symphysis [21] . Besides these, several reports have suggested that relaxin is a hormone that participates in the sequence of ovarian follicular development in animals [30] . Furthermore, relaxin was found to increase the proliferation of granulose cells in experiments with porcine antral follicles, and the action of angiogenesis mediated with relaxin receptor LGR7 and relaxin in the ovary was reported to promote follicle development [24, 32] . In the previous reports, the contribution of relaxin to the early development of oocytes and proliferation of the cumulus appears to be obvious, but no study has reported on the addition of relaxin in IVM medium for porcine oocytes or evaluated the developmental potentiality of mature oocytes supplemented with relaxin. In the present study, we investigated the effects of relaxin on the maturation of porcine oocytes and subsequent embryo development after IVF. 
MATERIALS AND METHODS

In vitro maturation of oocytes:
Ovaries from prepubescent gilts were transported to the laboratory from a local slaughter house in saline supplemented with 100 U/ml penicillin G (Sigma-Aldrich, St. Louis, MO, U.S.A.) and 100 mg/ml streptomycin sulfate (Sigma-Aldrich) at 30-35C. Antral follicles 3-6 mm in diameter were aspirated with an 18-gauge needle syringe. Intact cumulus-oocyte complexes (COCs) were selected using mouth pipettes and washed three times in HEPES-buffered North Carolina State University medium (NCSU-23W) supplemented with 0.3% bovine serum albumin (BSA). Washed COCs were transferred to IVM medium consisting of modified TCM-199 (Invitrogen, Carlsbad, CA, U.S.A.) with 10 ng/ml of epidermal growth factor (EGF; Sigma-Aldrich), 4 IU/ml of pregnant mare serum gonadotropin (PMSG; Intervet, Boxmeer, Holland), 4 IU/ml of human chorionic gonadotropin (hCG; Intervet), and 10% (v/v) porcine follicular fluid (pFF). The pFF was collected from antrial follicles of prepubescent gilts, centrifuged at 1,600 g for 30 min, and filtered through 1.2-and 0.45-m syringe filters (Gelman Sciences, Ann Arbor, MI, U.S.A.). The filtered pFF was stored in aliquots at -20C. Fifty COCs in 500 l of IVM medium were cultured at 39C and 5% CO 2 in air. After 22 hr, COCs were cultured in new hCG-free M-199 medium for an additional 22 hr at 39C and 5% CO 2 in air. After 44 hr, the oocytes were matured enough to be used in the following experiments.
Three different concentrations of recombinant human relaxin (1, 10, and 100 ng/ml) were evaluated in the present study. Relaxin was added to the maturation medium for the entire 44 hr of IVM.
Evaluation of nuclear maturation: Zygotes were fixed in 4% paraformaldehyde and stained with 5 g/ml bisbenzimide (Hoechst 33342) for 5 min. After three washes with phosphate-buffered saline (PBS), zygotes were mounted on glass slides, and their nuclear maturation and location were evaluated under an epifluorescence microscope. Glutathione assay: The glutathione (GSH) level in the oocytes was detected using a micro-glutathione assay protocol. Briefly, denuded oocytes were washed in PBS, and 30 oocytes in 5 l PBS were placed into Eppendorf tubes. The samples were frozen at -70C. They were thawed briefly at room temperature and 5 l (1.25 M) H 3 PO 4 (Sigma-Aldrich) was added. The samples were centrifuged at 12,000 g for 10 min and the supernatant was transferred to a 96-well microtiter plate (50 l/well; Nunc, Roskilde, Denmark). Five milliliters of 5,50-dithiobis(2)-nitrobenzoic acid (1 mM; D8130; Sigma-Aldrich), 5 ml nicotinamide adenine dinucleotide phosphate (NADPH; 1 mM; N7505; Sigma-Aldrich), 5.75 ml NaPO 4 buffer (100 mM), and 0.1 ml GSH reductase (200 U/ml; G3664; Sigma-Aldrich) were mixed to form the reaction mixture, and 100 l of the mixture was put into each well of the microtiter plate. The formation of 5-thio-2-nitrobenzoic acid was monitored every 30 s for 3 min. Standards were prepared for each assay, and the GSH content per sample was determined from a standard curve (SigmaPlot/enzyme kinetics). The GSH concentration was calculated by dividing the total concentration per sample by the number of oocytes present in the sample.
In vitro fertilization of porcine oocytes: After frozen semen was thawed at 39C in a water bath, it was diluted in 10 ml Dulbecco's PBS (Invitrogen) supplemented with 0.1% BSA (Sigma-Aldrich), 75 g/ml potassium penicillin G, and 50 g/ml streptomycin sulfate and centrifuged twice at 350 g for 3 min. The sperm pellet was suspended in modified Tris-buffered medium (mTBM). The mTBM consisted of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 , 20 mM Tris (Sigma-Aldrich), 11 mM glucose, 5 mM sodium pyruvate, and 8 mg/ml BSA (Sigma-Aldrich). The concentration of sperm was 2  10 7 /ml. The matured oocytes were separated from cumulus cells by repeated pipetting and exposure to 0.1% hyaluronidase (Sigma-Aldrich) in modified TCM-199 medium. After washing, 20-25 oocytes were placed in 45 l drops of mTBM (fertilizing drop) covered with warm mineral oil. Five microliters of sperm suspension was added to the fertilization drops to give a final sperm concentration of 2  10 6 /ml. After incubation of gametes and oocytes for 6 hr, the presumptive zygotes were washed and transferred to in vitro culture medium.
Embryo culture: Embryos were cultured in mNCSU-23 medium supplemented with 0.5 mM pyruvate and 5 mM lactate as energy sources. Ten to 15 oocytes were transferred in 25 l drops of modified NCSU-23 (mNCSU-23) covered with mineral oil and were cultured at 39C in a 5% CO 2 , 5% O 2 , and 90% N 2 atmosphere for 7 days. The day of insemination was defined as day 0. The cleavage rate of embryos was evaluated under a microscope at day 2, and 3 l fetal bovine serum (FBS) was added as an energy source to every drop at day 4. Finally, blastocysts were observed on days 6 to 7.
Differential staining: Differential staining was performed to assess the quality of blastocysts distributed among the inner cell mass (ICM) and trophectoderm (TE) cells according to the modified staining protocol [28] . Non-hatched blastocysts were treated with 0.25% pronase (w/v; SigmaAldrich) for 5 min to dissolve the zonae pellucidae. After washing three times in mNCSU-23, blastocysts were placed in 0.0005% (w/v) propidium iodide with 1% Triton X-100 (Sigma-Aldrich) and 0.1 polyvinyl alcohol (PVA; SigmaAldrich) for 15-20 s. Blastocysts were stained with 0.01% (w/v) bisbenzimide for 10 min and fixed with absolute ethanol (Sigma-Aldrich) at 4C for 10 min. Stained blastocysts were mounted with glycerol (Sigma-Aldrich) on glass slides under a coverslip and examined under an inverted microscope (Nikon, Tokyo, Japan).
Statistical analysis: Oocytes were randomly distributed, and each experiment was repeated four more times. All data were subjected to one-way ANOVA followed by a Tukey test to determine significant differences among experimental groups. Statistical significance was defined as P<0.05
RESULTS
The effect of relaxin on the GSH content of porcine oocytes, an indicator of cytoplasmic maturation, is presented in Fig. 1 . The GSH content in oocytes was significantly higher when cultured with 1 ng/ml (7.9 pmol/oocyte) and 10 ng/ml (8.5 pmol/oocyte) compared to the control group. However, no additional beneficial effect was observed when 100 ng relaxin was added to the IVM medium. No beneficial effect from relaxin was observed in the nuclear maturation of porcine oocytes ( Table 1) .
The effects of relaxin supplement during IVM on the developmental competence in porcine oocytes following IVF is shown in Table 2 . Both the cleavage and blastocyst formation rate, and ICM and TE cell numbers were taken into consideration. A significantly higher rate of blastocyst formation was observed in 10 ng relaxin (32.4%) compared to 0 (14.4%) or 100 ng relaxin (21.4%). No difference between 1 ng and 10 ng was seen in terms of the blastocyst production rate. The number of ICM cells of relaxin-treated groups was significantly higher than that of control (10.1 vs 13.8, 14.5 and 12.8, respectively). And higher number of TE cells was observed in the 10 ng relaxin group (49.3) compared to 0 ng/ml (25.1).
DISCUSSION
Relaxin is a peptide hormone that exerts numerous effects in a variety of tissues. It enhances sperm motility and improves monospermic fertilization and reduces polyspermic fertilization when added to IVF medium [10] . Relaxin has been detected in media from follicle wall cultures, ovarian extracts from prepubertal gilts, and follicular fluid from prepubertal, cyclic, and pregnant animals [12] . Relaxin has been reported to be involved in remodeling ovarian connective tissue and ovarian follicle development in rats and pigs, and it increases the proliferation of granulose cells in cultures of porcine antral follicles [23, 26] . In the present study, we evaluated the effects of relaxin on the IVM of porcine oocytes. Relaxin improved the efficiency of in vitro maturation, which was reflected in the level of GSH in oocytes and a higher blastocyst formation rate following IVF. However, the beneficial effects of relaxin were dosespecific: 10 ng/ml relaxin exerted the best influence on GSH content, and on both the number and quality of blastocysts. Maturation of oocytes implies maturation of both the nucleus and cytoplasm of oocytes. That spontaneous resumption of meiosis occurs upon liberation from follicles has long been known, and the majority of oocytes complete nuclear maturation [8, 22] . However, deficiencies in cytoplasmic maturation hinder the developmental competence of oocytes even though they experience normal nuclear maturation [28] . Numerous efforts have been made by different research groups to improve the cytoplasmic maturation of oocytes. Coculture of COCs with granulosa cells or with follicular shell pieces has improved cytoplasmic maturation in sheep [7] , bovine [15] , and pig oocytes [1] . In addition, the researches suppelmenting recombinant hormones such as leptin, insulin-like growth factor (IGF), and vascular endothelial growth factor (VEGF) in IVM system have performed to improve development of in vitro maturation in several specises [3, 6, 18] . In the similar way, we used recombinant relaxin hormone to improve the developmental competence of porcine oocytes in the present study.
Intra-oocyte concentration of GSH is considered an important indicator of cytoplasmic maturation. GSH is the major non-proteinaceous sulfhydryl compound present in mammalian cells, and it plays an important role in protecting cells against oxidative damage [16] . GSH is produced in oocytes during the maturation process in mice [5] , hamsters [20] , pigs [31] , and cows [17] . Our results revealed that relaxin could increase the synthesis of GSH in porcine oocytes in a dose-dependent manner. A significantly higher GSH concentration was observed in the 1 and 10 ng/ml relaxin group, and no additional beneficial effect was observed with higher concentrations of relaxin. It was reported that relaxin binds G protein-coupled receptors (GPCRs) and stimulate cAMP production. cAMP regulates the resumption of meiosis and developmental competence of porcine oocytes [14] . We presume that GSH content has increased in 1 ng/ml and 10 ng/ml of relaxin group by stimulated cAMP.
As we forementioned, relaxin is a member of the insulin superfamily, and it has been reported that it enhances any gonadotropin-induced action in cumulus cells, and also supports the growth action of granulose cells. We could assume that there is a auto/paracrine negative feedback action related with relaxin. Consisting with the result, Hammond and English also reported that high concentrations of relaxin were ineffective in stimulating DNA synthesis from growing early pig follicles [9] .
The present results show that relaxin supplementation during IVM subsequently improved both the blastocyst formation rate and blastocyst quality, which was reflected by the increased number of ICM and TE cells. Eventhough the auto/paracrine feedback loop which relaxin uses is not clear in this report, it could assume that relaxin initiates another growth hormone-binding relaxin receptor on cumulus cells and that other hormone activated by relaxin plays a major role in oocyte growth [25] .
In conclusion, when administered in an IVM system, relaxin increases GSH concentration in oocytes. In addition, oocytes exposed to relaxin during IVM have a high developmental rate following IVF. Relaxin (10 ng/ml) could be supplemented in IVM medium to support the maturation of porcine oocytes.
